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Abstract.  With electricity demand increase and the need to 

expand and diversify generating sources in pursuit of energy 

sustainability, the distributed generation (DG), from 

unconventional renewable sources, has been getting more and 

more space in the distribution system (DS). In Brazil, this DG 

dissemination is predominantly photovoltaic solar energy (PV) 

due to the characteristics and high levels of solar radiation. As 

this type of source depends on solar irradiation for energy 

conversion, the PV system is directly influenced by cloudiness, 

which causes part of the solar incidence to reflect in the clouds 

and may cause a drastic and abrupt reduction of the generated 

power. This phenomenon is difficult to predict, thus making PV 

systems an intermittent and considered supplementary source. 

Moreover, as it is an electronically processed generation source 

for power conversion and adequacy, there is the incidence of 

harmonic injection in the distribution network at the connection 

point. Due to the possible problems that DG can cause in DS, this 

paper presents an analysis of the impact on power quality (PQ) of 

a DS, considering different allocations, penetration levels, and 

system load. The study focus is on the Brazilian DS, so the 

system was adapted to the local reality through real dealership 

data. 
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1. Introduction 

Distribution System has been undergoing a paradigm 

and operation change with the insertion of DG, whose 

impacts and benefits are the object of study [1]. The DG 

has a benefit for DS operation, such as loss reduction, 

voltage support and reduction of the power transferred by 

the distribution and transmission lines [1, 2]. All these 

benefits contributed to the growth of this technology. 

Another benefit of DG is the diversity of generation 

sources that can be used. These sources may be (i) non-

renewable; as combustion generator, the diesel generator 

has being the most commonly used, turbines operating on 

natural gas, propane or vegetable oil and combustion 

turbines [3], [4], [5]; or (ii) renewable, where the main 

ones are solar photovoltaic (PV); wind sources, biomass 

and small hydroelectric plants [3]. Due to environmental 

concerns, the generation technologies that gained the 

most space in recent years were those that use renewable 

energy sources. 

The most used renewable source is the PV. 

Currently, in the world the installed power is 510 GW, 

where around 100 GW were installed in the year 2018. In 

the year 2000 the power of PV was very small, less than 

10 GW. The increase began in the end of the decade and 

gained more strength in the early 2010s. The number of 

PV plants each years gains a considerable increase and in 

2018 the country that most invested was China, having 

installed 45 GW of the 100 GW worldwide [6]. 

In Brazil, the situation is not different. In 2018 the 

installed capacity of DG was 669.6 MW, an increase of 

almost 300% over the year 2017, which had 246.1 MW. 

Of the total installed there is a share of PV solar energy 

of 526 GWh generation and 562 MW of installed power, 

which represents 84% of DG installed in Brazil.[7]. 

Although widely used in the world, the PV have 

some issues, where the main is the intermittence, once 

the panels depend on weather conditions for power 

generation. This means that the power generated may 

vary sharply over a period of time, causing voltage and 

frequency fluctuation [8]. In order to minimize the effect 

of voltage fluctuation, energy storage systems (ESS) have 

been used in conjunction with PV, which makes it 

possible to better manage energy and is used as an 

auxiliary unit to smooth out voltage fluctuations as well 

to store surplus energy in the ESS. This will make the 

system more stable and reliable [9-11]. According to [11] 

the most suitable ESS for this application, considering 

the power density, charge-discharge capacity, efficiency, 

service life and cost effectiveness, are the chemical 

storage, mainly the batteries [12,-14]. 

However, with the high DG and ESS penetration in 

DS, have up insertion of electromagnetic disturbances 

and issues with voltage and frequency instability of the 
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distribution system that has a negative impact in power 

quality. Among the inserted disorders originated by DG, 

the following stand out: (i)voltage imbalance, caused by to 

single-phase generation connection; (ii) harmonic 

distortion, caused by the use of frequency converters; and 

(iii) voltage fluctuations, caused by intermittent generation 

[2], [14]. 

Despite being an incipient technology, it is 

convinced that the dissemination of DG and ESS in the 

Brazilian DS is inevitable so that it is possible to promote 

safety and energy sustainability. Therefore, this paper 

seeks to analyze the impacts of distributed photovoltaic 

generation and batteries on the distribution system. 

Different scenarios of loading, penetration and allocation 

of DG were analyzed. The system analyzed were the 

modified IEEE 34 bus and the simulation will be done in 

ATPDraw. With this work, it intends to understand what 

happens to DS from the point of view of PQ, when there is 

penetration of DG and ESS. 

2. Power Quality: Overview 

Power Quality is defined as the measure of how well 

electric power can be used by consumers [15]. For a long 

time, this only meant that electricity should be supplied 

continuously. However, with the technological 

advancement that resulted in the increase of electronically 

controlled devices and increase of system load, from the 

end of the 80’sthe concern with the PQ increased[16].  

The Electronic devices operate on direct current and 

the power system uses alternate current, so these devices 

require equipment that can transform the system current. 

Due to the use of these equipment, electromagnetic 

disturbances are inserted in the power systems. So, it is 

necessary to create parameters to be followed, in order to 

have the least possible disturbance insertion. 

Due to the onset of these disorders there is a need for 

regulation of the PQ. International organizations have 

standards that regulate the PQ, bringing definition, 

measurement procedures and acceptable levels of 

disturbances, the main ones being IEC 61000 and IEEE 

1159. IEEE still has a specific harmonic standard, IEEE 

519. The European Union is the region that presents the 

greatest advance regarding the standardization of the PQ, 

in its set of standards EN is the current EN 50160 standard, 

which was created in 1994 and has been constantly 

updated [17][18].  

In the Brazilian scenario, the rules regarding 

distribution systems are found in PRODIST (Distribution 

Procedures). This document is divided into 11 modules 

and each module has standards for something related to 

DS. Power Quality standardization is in module 8. It 

provides definitions and benchmarks for both quality of 

service and product quality. 

A - Module 8 – Prodist 

Module 8 was first approved in 2008 and has since 

undergone 10 updates. This module is responsible for the 

standardization of the PQ and presents the definitions, 

procedures for measuring disturbance and the limit values. 

It shows the following parameters: (i) steady state voltage; 

(ii) power factor; (iii) harmonic distortion;(iv) voltage 

imbalance; (v) voltage fluctuation; (vi) voltage variation; 

and (vii) short-term voltage variation [19]. 

The parameters analysed in this work will be 

addressed, which are voltage variation in steady state, 

harmonic distortion and voltage imbalance 

Steady State Voltage: In this topic the appropriate, 

precarious and critical limits for steady state voltage are 

established. The limits are divided according to the 

voltage nominal values, being the divisions, (i) equal to 

or greater than 230 kV, (ii) between 69 kV and 230 kV, 

(iii) between 1kV and 69 kV e (iv) below 1 kV. For 

voltage levels above 69 kV it is considered suitable if the 

voltage is between 0.95 p.u to 1.05 p.u.. For voltage 

between 1kV and 69 kV a suitable voltage is between 

0.93 and 1.05 p.u.. For voltage equal 220 V appropriate 

values are between 202 and 231 V, and for a rated 

voltage of 127 V appropriated values are between 117 

and 133 V. 

Harmonic Distortion: In this topic the terminology, 

expression for the calculation of harmonic distortion and 

the limits for total and individual distortion are 

established. Prodist only presents limits for total voltage 

distortion  
For buses with nominal voltage less than 1kV 

PRODIST sets a limit of 10% of total voltage distortion 

(DTT), while for buses with nominal voltage between 1 

kV and 13,8 kV the limit is 8%. Buses with nominal 

voltage between 13,8 kV and 69 kV must have a DTT of 

up to 6%., and systems between 69 kV and 230 kV up to 

3%. Thus, it is a less conservative norm than the others, 

where generally considered one 5% DTT de 5% and also 

limits for current distortion [20] [21] 

Voltage Imbalance: The topic concerning voltage 

imbalance also presents definitions, terminology and 

expressions for calculation. The limit set by the 

PRODIST follows the IEEE and IEC standards of 2% 

[22] [23]. 

The limits of voltage and harmonic distortion 

allowed by PRODIST are exemplified in Fig 1. 

 
Fig 1: Voltage Range and Harmonic Distortion Limits 

3. Modeling and Suitability of the IEEE 34 

Bar Distribution System  

The objective of this work is to verify if the location 

and penetration of distributed generation and energy 

storage significantly impact in the harmonic distortion 

and voltage unbalance also on the voltage support of a 

distribution system. For this, the work was divided into 3 

steps. 

STEP 1: it was made the choice of the distribution 

system to be studied and the software that will be used in 

the simulations. For the choice of the system it was taken 

into consideration the characteristics necessary for the 

study and the availability of data necessary for the use of 

the system. Based on this, the IEEE 34 bar distribution 

system [24] was chose, presented in Fig 2. 
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Fig 2: IEEE 34 bar system. 

For a better representation of a DS, 3 low voltage 

(380/220 V) branches of different impedances and loads 

were added, shown in Fig 3. The original systems were 

balanced, but were forced to be unbalanced to preserve the 

characteristics of the low voltage systems. 

 
Fig 3: Low Voltage Branches  

To perform the simulations, ATPDraw was chosen, 

since the software is widely used in power quality studies. 

In addition, to the ease of working on the graphical 

interface, without prior knowledge of programming, 

another point considered was the software being free to 

access. 

STEP 2: Computational modeling of medium and low 

voltage systems, distributed generation and batteries was 

performed. The generator was modeled as an ideal source 

in series with its impedance. The transformers were 

modeled as saturated models. For the distribution lines, the 

concentrated Π model was chosen. This has been adopted 

since for medium voltage systems the mutual impedances 

are given. System loads were modeled as impedances to 

simplify the model. The 34-bar system has loads 

distributed on the distribution lines, in the model used 

these loads were considered concentrated on the bars, for 

this the load was equally divided between the bars on 

which the line was connected. 

For distributed generation and battery modeling, a 

simplified model was considered, where only the inverter 

output is required. Thus, DG and batteries were modeled 

as a current source. The current entered or consumed by 

these elements has been modeled as a fundamental 

frequency current source in parallel with current sources 

at the integer multiple frequencies of the fundamental 

frequency, representing the harmonic currents inserted by 

the inverter. This model was chosen because it is 

sufficient for the proposed analysis and to simplify the 

system implementation. It is not necessary to implement 

the complete inverter. 

STEP 3: It was consisted of simulations and analysis 

of results. The simulations were made by first varying the 

position of the DGs and the Batteries, then varying the 

system load and finally the level of DG penetration in the 

system. In Fig 4 is presented the cases that will be 

analyzed.  

 
Fig 4: Simulated Cases 

4. Scenarios and Analysis Proposed IEEE 

34-buses distribution system  

Based on the system implemented for analysis 

purposes, the following parameters and system operating 

conditions are used: (i) The load will increase from 30% 

to 150%; (ii) DG penetration will be 30%, 50% and 80% 

of system load for all demand levels and (iii) The inverter 

is inserted the maximum harmonics that ABNT NBR 

16149 allows. The values are presented in Table 1. 

Table 1:- Harmonic Input Limits for Inverters 

Harmonic Order Maximum limit 

Odd – 3ª to 9ª 4.0% 

Odd – 11ª to 15ª 2.0% 

Odd – 17ª to 21ª 1.5% 

Odd 23ª to 33ª 0.6% 

Even - 2ª to 8ª 1.0% 

Even – 10ª to 32ª 0.8% 

 
The load and generation conditions were chosen in 

order to have different possible scenarios and to 

understand how the variation of these parameters 

influence the inserted disturbances. The condition of the 

inverter to enter the maximum harmonic limit is justified 

to work with the worst case scenario. The transmission 
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system has two capacitors bank that shust off when 

operating at light load. The low voltage extensions were 

connected to bars 850, 854 and 860 respectively as shown 

in Fig 5.  

 
Fig 5: Buses connected to Low Voltage Branches 

The first scenario to be studied will be the load 

variation for the same allocation and 30% of the value of 

branch current of DG penetration, besides the battery 

acting as a voltage support. The parameters analyzed will 

nbe voltage imbalance, voltage levels and total harmonic 

current distortion. In Fig 7 is shown the imbalance factor 

of load buses of branch 1 of system without DG and BES. 

In Fig 7  is presented the imbalance factor for system with 

DG and BES. 

 
Fig 6: Voltage Imbalance without DG and BES 

 
Fig 7: Voltage Imbalance with DG and BES 

It’s possible to notice that the distributed generation and 

batteries assist in the voltage imbalance of the distribution 

system of which they are part. Both DG and BES are three 

phase. 

In Fig 8 and Fig 9 is presented, respectively, the 

voltage level for system without and with DG and BES. 

 
Fig 8: Voltage Levels without DG and BES 

 
Fig 9: Voltage Levels with DG and BES 

The DG and BES provide voltage support, however, 

the impedance values depend directly on the frequency. 

Thus, the insertion of non-linear elements in the system 

causes the insertion of a harmonic, with that the 

impedance value can vary and cause a greater voltage 

drop. The total harmonic distortion is shown in Fig 10. 

 
Fig 10: Total Harmonic Distortion 

The system does not have non – linear loads, 

therefore the total of harmonics comes from the 

distributed generation and batteries. The harmonics are 

absorbed by the system, so they do no affect the loads of 

distribution system.  

The second scenario analyzed was the distributed 

generation penetration variation. In the Fig 11 is 

presented the imbalance factor considering three different 

penetrations of DG.  
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Fig 11: Voltage Imbalance 

It is possible to realize that penetration variation does 

not interfere in voltage imbalance, this is because the DG 

used is three phases. In Fig 12 is shown the voltage level.  

 
Fig 12: Voltage Levels 

Through the graph, it can be seen that a greater 

penetration of distributed generation Will contribute to a 

higher voltage increase, this occurs because the voltage 

support Will be larger, especially in the bars farther 

electrically from the generation system. Low DG 

penetration can be negligible for the system, making the 

voltage support minimal. The graph of harmonics is 

presented in Fig 13. 

 
Fig 13: Total Harmonic Distortion 

As expected, the harmonic distortion increase with the 

increased penetration of DG and that distortion is absorbed 

by the system. 

The last scenario analyzed is the variation of the 

allocation of DG and BES. The results will be presented 

next. The voltage imbalance is presented in Fig 14 

 
Fig 14: Voltage Imbalance 

The smallest imbalance factor occurs when DG and 

BES are in bus 1. In the transformer bus the imbalance 

factor don’t change regardless of equipment location. 

In the Fig 15 is presented voltage level considering 

different allocation of DG and BES. 

 
Fig 15: Voltage Levels 

The voltage support is better when DG is allocated 

on the nearest transformer bus, once the voltage support 

occurs in the first system bus consequently the voltage in 

the other buses will increase. 

The last parameter to be analyzed is the total 

harmonic distortion, that is shown in Fig 16. 

 

 
Fig 16: Total Harmonic Distortion 

How harmonic distortion is absorbed by the system, 

the farther from the transformer the distributed 

generation and batteries are, the more distortion will 

impact the distribution system, as can be seen in the 

graph above. Thus, the closer the transformer DG and 

BES are, the less impact the harmonics caused on the 

distribution system. 
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5. Considerations 

Through this article it was possible to realize that the 

insertion of distributed generation and storage of energy 

present advantages for the electrical system, mainly 

regarding the voltage acting as a voltage support and 

thereby improving the system voltage profile and 

attenuating the voltage unbalance. However, there are 

disadvantages, such as the insertion of harmonics.  

Studying the allocation of distributed generation and 

batteries can mitigate the disturbances caused by them. For 

the cases analyzed in this article, the allocation of these 

equipment closer to the distribution transformer 

contributes for less disturbance insertion and greater 

voltage support. 
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